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GRADIENT INDEX LIQUID CRYSTAL DEVICES 
AND METHOD OF FABRICATION THEREOF 

INTRODUCTION 

The U.S. government has rights in the invention 
under Contract No. DE-FC03-85DP40200 between the 
University of Rochester and the Department of Energy. 
The present invention relates to optical apparatus, 

and particularly to apparatus using liquid crystals which 
provide gradient index optical effects for shaping the 
spatial intensity pro?le of optical beams having desig 
nated wavelengths, and to methods of fabricating same. 

BACKGROUND 

Laser beam apodization has been a goal of solid state 
laser programs since the early 1970s. Apodization is the 
shaping of the spatial beam pro?le to increase the ?ll 
factor through the gain medium. This allows more en 
ergy to be extracted from the gain medium and also 
reduces linear and nonlinear edge diffraction effects 
which cause self-focusing spikes. A beam apodizer de 
termines, to a large extent, the ultimate performance of 
a high power laser system. 

Several techniques for apodizing laser beams have 
been reported. See references (1) to (11) listed below. 
Apodizers based upon absorption are disadvantageous, 
since the refractive index of the absorbing medium (usu 
ally glass or thin films) is changed. The change of re 
fractive index prevents preservation of uniform wave 
front quality and can cause Fresnel diffraction effects. 
Apodization by selective re?ection (a distributed Bragg 
effect) of cholesteric liquid crystals does not give rise to 
absorption as in absorbing media. Recently, S. D. Ja 
cobs et al. have developed a new apodizer based on 
liquid crystal technology that has demonstrated proper 
ties resembling those of a perfect apodizer. See refer 
ence (l2) and Jacobs et al. U.S. Pat. No. 4,679,911. The 
Jacobs et al. apodizer works best for small clear aper 
tures, e.g. up to about 8 mm., and in some embodiments 
requires grinding of precise ?at surfaces of optical ele 
ments, which makes fabrication difficult. 

It is a feature of the invention to provide a laser beam 
apodizer utilizing liquid crystals which can be used for 
beam apodization of an oblong (in cross-section) beam, 
especially suitable for use with slab-geometry laser am 
pli?ers or diode lasers, and also for beam apodization of 
circular beams, especially useful with rod laser ampli? 
ers with large (e.g., 10 mm or more) clear apertures. 
The invention is especially suitable for use in provid 

ing a soft aperture for'shaping the intensity of laser 
beams utilizing the properties of cholesteric liquid crys 
tals (CLC). The term “liquid crystals” as used herein 
includes crystals both in the solid and ?uid state. The 
term “cholesteric” is used generically to mean liquid 
crystals which have chirality, whether pure cholesteric 
compounds or nematic materials mixed with chiral ad 
ditives. 
CLCs have a helical layered organization as shown in 

FIG. 1. Normally, a CLC cell is prepared between two 
glass substrates. Within each single layer of the struc 
ture, molecules align in a parallel con?guration like 
nematics. The average orientation of the elongated 
liquid crystal molecules is de?ned as the director. In 
adjacent layers, protruding side groups of atoms at 
tached to each molecule and force the director to be 
twisted. The rotation of layers through the ?uid gives 
rise to a helical structure. One full 360° rotation of the 
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2 
director is de?ned as one pitch length P,,. This helical 
structure leads to the important optical properties of 
selective re?ection in circular polarization and wave 
length. See reference (13). 

Consider a right-handed CLC cell shown in FIG. 1 
whose helical axis is oriented along the z-axis. No inter 
action occurs between the right-handed helical struc 
ture of the CLC and left circularly polarized light prop 
agating through it. However, when right circularly 
polarized light with wavelength 7t propagates along the 
z-axis at normal incidence, the re?ectivity R is given by 

(1) 
R SinhZKL 1 - [5/K12 

coshzlcL \l l - [5/K12 _ [5/K12 

where 

K=KQ— A andKQ= :0 -An 

is the coupling coefficient; 

5 = 217 - )"m 

is the detuning parameter; >w=nav-Po is the peak wave 
length of the selective re?ection band; and L is the CLC 
?uid thickness. See reference (14). An=(ne—n0) and 
nav=(ne+n0)/2 represent the optical birefringence and 
average refractive index, respectively. When )\=)to, the 
CLC structure is well phase-matched to the input wave 
length, and the re?ectivity is equal to 

l 
M 

R=tanh2(|<0L). (2) 

It has been reported see reference (1)) that an ideal 
beam apodizer possesses the following characteristics: 
1. The slope of the transmission function between 90% 
and 10% transmission points is at least 3 AL/D , 
where A is the laser wavelength, L is the propagation 
distance over which intensity modulation should be 
minimal, and D is the beam diameter. One of the 
transmission functions which approximates this con 
dition is a super-Gaussian of order N, that is, 

where the radial clear aperture ra is selected based on 
the condition that T(r1)= l0—3, where 2r] is the entry 
aperture of the optical device (e. g. a laser ampli?er) that 
follows the apodizer. Transmission is Gaussian where 
N=2. 
2. Wave front quality over the clear aperture and into 

the soft edge is a smooth function with continuous 
?rst derivatives. 

3. The peak to minimum transmission ratio is at least 
1000 to l. 

4. High laser damage threshold at the design wave 
length and pulse width. 

5. Environmental stability. 

SUMMARY OF THE INVENTION 

It is a feature of the invention to use CLCs which are 
a blend of nematic liquid crystals and chiral additive 
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materials wherein the selective re?ection peak wave 
length is tuned by changing the blending ratio (or rela 
tive concentration) of these materials. In blending, add 
ing more nematic liquid crystal increases the pitch 
length P0 and adding more chiral additive decreases P0. 
Gradient index optical effects which provide a soft 
aperture are produced in a region where CLCs having 
different P0 overlap, (the overlap region—OLR) 
thereby making it possible to shape or apodize laser 
beam. 

DESCRIPTION OF THE DRAWING FIGURES 

FIG. 1 is a schematic diagram of molecular order in 
a cholesteric liquid crystal. 
FIG. 2 is a curve of re?ectivity R measured at 

>~=l064 nm, as a function of thickness L, for a CLC 
blend or mixture of E7 and CB15 tuned to exhibit a 
selective peak at A”: 1064 nm. The blend has a coupling 
coefficient K0=0.5439. The solid line curve represents 
the results of theoretical calculation, and the circles 
represent experimental data. 
FIG. 3 is a curve of re?ectivity R for the same CLC 

mixture as in FIG. 2, as a function of normalized wave 
length )t/Ao for KL=4.59. 
FIG. 4 is a schematic diagram of a gradient index 

cholesteric liquid crystal element (GCLC) having two 
CLCs, CLC1 and CLC2 and the re?ectivity pro?le of a 
gradient cholesteric liquid crystal element. The region 
where CLCl and CLC2 overlap and mix to create a 
pitch gradient results in the illustrated smoothly vary 
ing re?ectivity pro?le as shown by the horizontal 
hatching. 
FIG. 5 are curves showing individual selective re?ec 

tion bands for the two different cholesteric liquid crys 
tals used in fabricating the GCLC elements. 
FIG. 6 (a) shows schematically, apparatus used to 

measure transmission pro?les of apodizer devices pro_ 
vided by the invention. 
FIG. 6 (b) are curves showing transmission pro?les 

25 

30 

35 

for three gradient GCLC elements as a function of 40 
position after annealing periods of 1 hr., 2 hr. and 4 hr. 
in the isotropic phase. 
FIG. 7 is a schematic perspective view of a one di 

mensional beam apodizer having a stacked pair of two 
complimentary GCLC elements, and the pro?les of the 
incident beam and apodized beams exiting the apodizer. 
A variation in lateral position of the elements relative to 
each other allows for the adjustment of the clear aper 
ture. In this illustration, R represents re?ection of the 
incident beam, and T represents transmission. The 
shaded area represents the mixing or overlap region in 
each element where a pitch gradient and gradient index 
exist. 
FIG. 8 is a schematic, elevational view in cross-sec 

tion showing the apodizer of FIG. 7 in greater detail. 
The tightness of the helices schematically indicates the 
pitch of the CLCs. Tightly twisted regions correspond 
to short pitch; loosely twisted regions correspond to 
long pitch; and regions of intermediate twist correspond 
to the ?uid overlap region, OLR, where a spatial gradi 
ent in pitch exists. 
FIG. 9 is a transmission pro?le of the one dimensional 

apodizer shown in FIGS. 7 & 8, where the two GCLC 
elements thereof were annealed in the isotropic phase 
for l and 2 hrs., respectively. 
FIG. 10 is a schematic diagram showing an eleva 

tional cross-section of a 1064 nm CLC circular (two 
dimensional) beam apodizer made from plano-con 

4 
cave/convex lenses (p=l033.4 and p’=l197.5) and 
?lled with a homogeneous ?uid (mixture of E7 and 
CB15). The schematic diagram indicates the assembly 
orientation and the resulting relationship for ?uid gap 
L, as a function of radial dimension r. 
FIG. 11 are curves showing calculated edge transmis 

sion pro?les for two CLC beam apodizers of the design 
illustrated in FIG. 10 with p/p'=0.863 and p/p'=0.9 
[two solid lines]. The dash lines represent super-Gaus 
sian ?ts for each apodizer. 
FIG. 12 is a curve showing the transmission pro?le at 

k=1064 nm, for the circular CLC apodizer shown in 
FIG. 10. The solid line is the calculated transmission 
pro?le for an ideal case, the circles are the experimental 
results, and the dotted lines represent the best super 
Gaussian ?t to the data (N=3.5l). 
FIG. 13 is a schematic diagram showing an eleva 

tional cross-section of a 1064 nm circular GCLC beam 
apodizer using a mixture of CB15 in ZLI1167, (tuned to 
910 nm) used as CLCl, and a mixture of CB15 in E7 
(tuned to 1064 nm) used as CLC2. 
FIG. 14 is a curve showing the transmission pro?le of 

the GCLC apodizer of FIG. 13 at h=l064 nm. The 
circles are the experimental results and the dotted lines 
represent the best super-Gaussian ?t to the data 
(N =8.3, r0: l2.4 m). The annealing period was 1 hr. 
FIG. 15 are curves showing the change in selective 

re?ection peak wavelength as a function of temperature 
for ZLI1167+CB15 (square) and E7+CB15 mixtures 
(circles). 
FIG. 16 is a schematic diagram of an annular beam 

apodizer using two circular elements of the type shown 
in FIG. 13 for obtaining a ring shaped (in cross-section) 
beam. 

DETAILED DESCRIPTION 

The devices provided by the invention use mixtures 
or blends of nematic liquid crystal materials and chiral 
additives, the chemistry of which and the sources 
thereof are described in the above referenced Jacobs et 
al. article and patent. Further description of the chemis 
try is provided in manufacturers product literature and 
are well known in the art. As an example, the blend of 

' a nematic liquid crystal E7 and chiral additive CB15 can 
45 

55 

65 

be tuned to exhibit a selective re?ection peak at A: 1064 
nm. These liquid crystal materials are available from 
EM Chemicals, Hawthorne, N.Y. U.S.A. For the CLC 
?uid prepared by blending them in their isotropic states, 
E7 was 21.36% by weight and CB15 was 78.64% by 
weight, new: 1.4172, new: 1.6014, An=0.l842 and 
nay: 1.5093 as determined with an Abbé refractometer 
(22° C., A: 1053 nm). At h=1064 nm, the coupling 
coef?cient is calculated to be K=0.5439. For this CLC 
blend, the re?ectivity as a function of thickness is 
shown in FIG. 2. The close match of theoretical and 
experimental data supports the validity of Eq. (3). 
A plot of the re?ectivity R as a function of >\/>\o for 

KL=4.59 is shown in FIG. 3. It can be seen that when 
X/)t,,=l.076, the re?ectivity of the CLC goes to zero. 
The ripples in FIG. 3 are due to phase mismatching. In 
making the elements described hereinafter, all areas 
sembled having substrates (separating the CLC mate 
rial) with weak surface anchoring. Such anchoring pre 
vents disinclinations which cause diffraction effects and 
prevent the creation of smooth gradients. See reference 
(19) for a discussion of disinclinations. This weak sur 
face anchoring is very important for the apodizers of 
this invention because it prevents any discontinuity in 
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structure and concomitant deviations from a smooth 
re?ectivity pro?le. See also reference (15). Weak an 
choring is obtained by substrate surface preparation (an 
example is discussed below) before assembly to avoid 
lines or grooves by which the CLC molecules can ori 
ent relative to the substrate surface. An exemplary tech 
nique for insuring weak anchoring is as follows: sub 
strates are cleaned by rubbing with deagglomerated 
alumina (for example, Gamma Micropolish II, Buehler) 
and by ultrasonic cleaning for 2-3 minutes, followed by 
through rinsing with deionized water. Once clean, sub 
strates are blown dry with ?ltered nitrogen, and treated 
with an antistat gun to remove static charge. The sub 
strates are separated by mylar spacers to de?ne the 
thickness of the ?uid. Then cholesteric liquid crystal is 
?lled by capillary action. Grandjean alignment is ob 
tained by shearing techniques, i.e., moving the sub 
strates laterally a few mm with respect to each other at 
room temperature. 
A spatial gradient in selective re?ection peak wave 

length can be induced by ?lling a cell device with mix 
tures of two CLC ?uids, CLCl and CLC2 having dif 
ferent selective re?ection bands as a result of different 
percentages (relative concentrations) of a chiral addi 
tive in each blend, from opposite sides of a cell as shown 
in FIG. 4. The ?uid-like property of liquid crystals 
allows them to blend together in an overlap region 3. 
The device is shown schematically in FIG. 4 and will be 
referred to as a gradient CLC (GCLC) device or ele 
ment. The blending ratio (relative concentration) of 
chiral additives in the nematic liquid crystal host varies 
linearly in region 3 from the Region 1 side to the region 
2 side. Since the helix wave number, qo, of the CLC, 
q0=21r/Po, is proportional to the concentration see 
reference (16), 6/ K in Eq. (1) can be rewritten as 

(4) 

is the wave number in the liquid crystal medium. For 
simplicity, the average refractive index and birefrin 
gence are assumed to be constant in the wavelength 
regions of interest. Then )t/Ao changes linearly as a 
function of position. If two CLCs are chosen such that 
CLC2 has a normalized wavelength which gives rise to 
high re?ectivity and CLCl has Mk0: 1.076, a smooth 
edge pro?le can be created in the overlap region as 
shown in the re?ectivity curve of FIG. 4. Assuming 
that the width of the overlap region is held constant, the 
slope of the transmission function across the overlap 
region can be varied by tuning the ML, of CLC2 used 
for high re?ection in region 2 of FIG. 4. As the MM, in 
region 2 approaches 1.076, the slope across the overlap 
region (region 3) is reduced, resulting in a softer re?ec 
tivity edge pro?le for the device. 
There are several ways to create shaped gradients in 

An and n,,,,: (1) by using the same host nematic with 
different concentrations of the same chiral additive 
resulting in two distinctly different selective re?ection 
bands with similar An as discussed above; (2) by using 
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6 
different host nematics (allowing for variability in vis 
cosity and birefringence) with the same chiral additive; 
and (3) by using different host nematics with different 
chiral additives. It is also important that the refractive 
indices of the substrates be substantially matched to the 
average refractive indices of the CLC materials, where 
preservation of wavefront quality is of interest. 

Referring to FIGS. 5-9, it will become more apparent 
from the following example how a one-dimensional 
apodizer can be fabricated. Three cleaned, uncoated, 
nearly identical 38 mm diameter GCLC cells were as 
sembled from borosilicate glass (BK-7) substrates which 
has a refractive index which matches nav. the GCLC 
materials. BK-7 (MIL Code 517-642) has an index of 
1.509 at A: 1064 nm. CLCl and CLC2 have indexes of 
1.5093 and 1.5099 at )\= 1064 nm. Other substrates 
which may be used are K3 (MIL-Code 518-590) and 
PK2 (MIL-Code 518-651) transparent glass. For each 
cell, the gap thickness between was set at 13 pm with 
Mylar® foil spacers. Three spacers (foils) 120° apart 
are located near the edges of the substrates to form the 
cell. After ?lling and shearing, the cell can be sealed 
with an epoxy lead around the edge of the cell or with 
a gasket. However, sealing may be unnecessary because 
the CLC materials are quite viscous. The substrate sur 
faces on opposite sides of the gap are ?at and plane. 
Absence of wedge is apparent from white light interfer 
ence fringes which are visible under room illumination 
and should be widely spaced to show the planar nature 
of substrate surfaces. Filling is preferably by capillary 
action at 60° C., above the isotropic transition tempera 
ture of nematic E7, with two different right-handed 
CLC blends, each containing a different amount of the 
chiral additive CB15, from opposite sides of the cell. 
Beads of CLCl and CLC2 are injected one at a time 
with syringes having ?lters (0.45 micron pore size) to 
?nal ?lter any residual particles, under a laminar ?ow 
(class 100) hood. Care is taken to avoid bubbles. 
Enough CLC2 is injected to cover a larger area of the 
gap than is covered by CLCl as shown in FIG. 8. 
CLCl had 21.36 wt. % of E7 and 78.64 wt. % of CB15. 
CLC2 had 26.48 wt. % of E7 and 73.52 wt. % of CB15. 
CLCl was tuned by compound blending to exhibit a 
selective re?ection peak at A”: 1064 nm at 22° C. CLC2 
was tuned to provide a selective re?ection peak at 
7l,,=820 nm at 22° C. A near Grandjean structure was 
produced by the conventional method of shearing. FIG. 
5 gives re?ection spectra in the form of optical density 
for each CLC mixture in the visible and near infrared at 
22° C. These spectral scans were taken with unpolarized 
optical radiation in a spectrophotometer (Perkin-Elmer 
Lambda-9). As mentioned earlier, the side lobes (or 
ripples) do not appear in spectra under conditions of 
weak anchoring, due to ‘the nonuniformities in helix 
wave number of the molecules in the bulk. The slight 
tilt of the flat top region and the asymmetric selective 
re?ection peak shapes in these scans come from a slight 
tilt in the Grandjean structure induced by inner-sub 
strate surface effects. The degree of selective re?ection, 
as indicated by the magnitude of the change in optical 
density, AO.D., from the base line, is equal to about 
0.29, which shows good alignment. (The theoretical 
limiting value is equal to log 2=0.3.) 
The experimental set-up used to measure apodizer 

transmission pro?les is shown in FIG. 6(a). The output 
of a diode-pumped Nd:YAG laser (Amoco Micro La 
ser@1064 nm) is converted to right circularly polarized 
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light, collimated and focussed onto a GCLC cell (spot 
size; approximately 500 um). The cell is scanned by 
passing it though the beam on a translation stage. Trans 
mitted light intensity is measured using a photodiode 
detector (United Detector Technologies, UDT-lO). 
FIG. 6(b) shows the transmission pro?les of three 
GCLC cells with different annealing times taken at 
T=22° C. The size of the interface or overlap region is 
determined and can be controlled by the length of time 
during which the ?lled device is annealed (See FIG. 
6(b)) at a temperature above the isotropic phase transi 
tion temperature of the mixtures (e.g., 90° C.). This 
keeps ?uid viscosity low, and permits in-situ blending to 
occur in the overlap region. The transmission pro?les 
become a lower order of super-Gaussian longer anneal 
ing times. 
The concept of controlled ?uid blending to create a 

linear optical gradient can be exploited to make a one 
dimensional beam apodizer as shown in FIGS. 7 and 8. 
This device is constructed by taking two nearly identi 
cal GCLC cells whose fabrication was described above, 
and overlaying them with CLCl and CLC2 in converse 
order, as shown in FIGS. 7 and 8. In FIG. 8 the mole 
cules of the CLCl and CLC2 are shown as helices with 
different pitch. The pitch gradient is also illustrated by 
the varying pitch of the helices in the overlap region. In 
this con?guration, the light is transmitted only in the 
region where transmission (T) occurs for both cells. In 
the (R) regions, light will be blocked by selective re?ec 
tion. The incident and output beam pro?les are shown 
at 13 and 15 in FIG. 7, respectively. A transmission 
pro?le across one such apodizer is shown in FIG. 9. 
The clear aperture is effectively one dimensional. The 
clear aperture of the device can be adjusted by mechani 
cally sliding the two GCLC elements relative to each 
other. The external surfaces of the substrates are prefer 
ably anti-re?ective (AR) coated. The cells can be in 
juxtaposition. AR coating of the surfaces of the cells (23 
and 25, FIG. 8) can be eliminated if the cells are in an 
isotropic liquid which is matched to the refractive index 
of the substrates. Such a liquid enables the cells to be 
shifted (vertically in FIG. 8) to change the width of the 
clear aperture. 

Referring to FIGS. 10 to 12, the fabrication of circu 
lar (two dimensional) beam apodizers of large clear 
aperture will become more apparent. Geometrical con 
straints to liquid crystal apodizer construction using 
previous designs (see reference 12 and the Jacobs et a1. 
patent) makes scale-up to apertures greater than 8 mm 
dif?cult. These dif?culties are eliminated by the apo 
dizer of FIG. 10 which consists of a single, homogene 
ous CLC fluid between a plano-convex lens 20 with 
radius of curvature, p, and a plano-concave lens 22 with 
radius of curvature, p’. The two substrates have slightly 
different inner radii of curvature. The gap thickness 
varies such that at least 10-20 pitch lengths are ac 
comodated at the outer perimeter. Foil spacers are used 
to set the gap at the perimeter. Radial symmetry of the 
two substrates can be checked by observing symmetri 
cal white light, ring interference fringes which are cir 
cular in shape. Index matching between ?uid and sub 
strate lens elements is important to remove focusing. 
This requires that the average refractive index of the 
substrates should be nay of the CLC ?uid. (See reference 
12). The gap thickness between the two substrates is 
given by 
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[1 ~ 1'] p 

The transmission pro?les for p/p'=0.863 and p/p'=0.9 
with p: 1033.4 mm are shown in FIG. 11 as two solid 
lines. As p/p' increases, that is, as the radii of curvature 
for the two substrates approach each other, the clear 
aperture of the apodizer increases. In this ?gure, the 
dotted lines represent a super-Gaussian ?t to the trans 
mission pro?les. Both ?ts shown that the order of super 
Gaussian is N=3.5l. As long as the CLC ?uid thickness 
is varied according to Eq. (5), the order of apodizer is 
invariant and equal to N: 3.51 for example illustrated in 
FIG. 11. 
By way of example of an embodiment of the device 

shown in FIG. 10, two 50.8 mm diameter substrates 
with p=1033.4 mm and p’=1197.5 mm were obtained 
and assembled into a cell using the curved surfaces as 
inner walls. The air gap was ?lled by capillary action at 
60° C. with a homogeneous mixture of E7 and CB15 
tuned to 1064 nm. The percent by weight of E7 and 
CB15 may be the same as for CLCl given above. The 
measured (circles) transmission for the device at 22° C. 
and calculated (solid line) pro?les as a function of radius 
are shown in FIG. 12. Super-Gaussian ?ts to both 
curves (dashed lines) give N=3.51 (r0=8.5 mm) for the 
theoretical data and N=3.52 (r0=9.9 mm) for the ex 
perimental data. Local misalignment of molecules in the 
CLC can cause the coupling coef?cient to be lower 
than the theoretical value, explaining the above discrep 
ancy. In general, a super-Gaussian apodizer of order 
greater than 3.51 is required in high power laser applica 
tions to maximize output energy. This cannot be 
achieved with the simple, single ?uid concept demon 
strated above, because the order N of the super-Gaus 
sian cannot be varied. The addition of a gradient index 
effect, however, permits orders greater than 3.51 to be 
constructed. 
A gradient index circular (two dimensional) apodizer 

provided in accordance with the invention will become 
more apparent from FIGS. 13-16, wherein not only a 
variation in thickness of the CLC ?uid but also a pitch 
gradient is used. With the combination thickness and 
pitch gradient, circular apodizers provide a wider range 
of pro?les, including super-Gaussian, than in the case of 
variable thickness above as in FIG. 10. In FIG. 13, 
where helices of different pitch illustrate different CLC 
materials, CLCl has high transmission (T) and CLC2 
has high re?ection (R) at the design wavelength. The 
?uid-like properties of CLCs allow them to mix to 
gether and form a pitch gradient overlap region where 
the re?ectivity changes from 0 to l outward radially 
from the center of the device, as shown by the variation 
in pitch of the helixes across the region. Good circular 
symmetry is achieved by using slightly different radii of 
curvature for the supporting substrates so that CLCl is 
drawn into the narrow gap area in the center by radial 
capillary action. 
By way of example, two 50.8 mm diameter substrates 

24 and 26 with p: 1033.4 mm and p’: 1197.5 mm were 
assembled into a cell. Spacers 120° apart de?ned the gap 
thickness at the periphery. Interference fringes can be 
observed to check radial symmetry as discussed above. 
Mixtures of ZLI167 (21.18 Wt. %). and CB15 (78,82 
Wt. %) (isotropic at 90° C., tubed to 910 nm), and E7 
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(21.36 Wt. %) and CB15 (78.82 Wt. %) (isotropic at 60° 
C., tuned to 1064 nm) were used as CLCl and CLC2, 
respectively (these materials are available from BM in 
Hawthorne, N.J., U.S.A.). The curved surfaces 28 and 
30 act as the inner cell walls and the gap thickness at the 
inner edge of the CLC2 band is suf?cient to give high 
re?ection. I 

In fabricating the device of FIG. 13, ?rst CLCl was 
?lled by capillary action at 90° C. until it assumed a 
good circular symmetry at the center of the cell. The 
cell was then cooled to 45° C. and CLC2 was loaded in 
very slowly, so as not to initiate mixing. CLCl tended 
to resist deformation because of its increased viscosity 
at the lower temperature. Once the ?lling of CLC2 was 
done, the temperature was increased up to 90° C. for a 
one hour anneal in the isotropic phase of both blends. 
The element was then cooled down to room tempera 
ture and sheared to get good alignment. 

Experimental data (circles) taken at 22° C. and a 
super-Gaussian ?t (dashed line) are shown in FIG. 14. 
This apodizer pro?le is seen to match as super-Gaussian 
of order N=8.3 with r,,: 12.4 mm. The deviation from 
ideal performance in the central ?at-top region where 
high transmittance is required, is a result of residual 
re?ectance at 1064 nm from the wing of the CLCI 
re?ection band centered at 910 nm. It can be eliminated 
by preparing a CLCl blend which has a selective re?ec 
tion peak at a shorter wavelength than 910 nm. The 
slope at the edge of the apodizer can be changed by 
varying the length of time at which the ?lled device is 
thermally annealed at a constant temperature above the 
isotropic phase transition temperatures of the mixtures, 
where the viscosities are low. A slight assymmetry to 
the apodizer pro?le seen in FIG. 14 is a result of a 
wedge inadvertently introduced by epoxy in a sealing 
operation. 

In order to obtain an annular or ring pro?le a pair of 
devices 27 and 31 can be arranged in tandem as shown 
in FIG. 16 or stacked in juxtaposition. The CLCl and 
CLC2 mixtures are in converse order in devices 27 and 
31, as shown. 
Temperature changes can cause wavelength shifts to 

the features of liquid crystal devices. Temperature de 
pendence of the selective re?ection peak wavelengths 
for the two CLC’s used to make the graded index circu 
lar apodizer are shown in FIG. 15. In the temperature 
range of 20° C. to 30° C., the selective re?ection peak 
wavelength is shifted 2.8 nm/°C. for the mixture of E7 
and CB15 and 2 nm/“C. for the mixture of ZLI1167 and 
CB15. New chiral dopants have recently been described 
which can be employed to reduce temperature sensitiv 
ity of CLC mixtures. See reference (17). 

Polymeric liquid crystals offer unique advantages 
such as temperature insensitivity and ruggedness. Liq 
uid crystal polymer systems which can be used are 
polysiloxane and polyglutamates having different side 
groups. (See reference 18). 
From the foregoing description, it will be apparent 

that improved GCLC devices and particularly the de 
sign, fabrication and characterization of laser beam 
apodizers based upon gradient-index optical effects in 
liquid crystals have been described. For a one dimen 
sional apodizer design, the clear aperture was shown to 
be variable by means of sliding two device elements 
over each other. A circular apodizer, in which the 
thickness variation of CLC ?uid is de?ned by two sub 
strates with different inner surface radii of curvature 
pro?le has a super-Gaussian order of N=3.51. The 
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10 
ability to vary N in'this design and the ability to obtain 
desired, super-Gaussian pro?les by using the mixing 
property of liquid crystals to create a gradient index 
optical effect was also described. Variations and modi? 
cations in the herein described devices within the scope 
of the invention will undoubtedly become apparent to 
those skilled the art. Accordingly, the foregoing de 
scription should be taken as illustrative and not in a 
limiting sense. . 
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We claim: 
1. Apparatus for shaping the pro?le of an optical 

beam of given wavelength which is directed along a 
path, which comprises at least one liquid crystal device 
intercepting said beam, said device having a ?rst and a 
second substrate respectively having ?rst and second 
surfaces opposed to each other, a liquid crystal material 
between said surfaces and having a chirality providing a 
structure of molecules of a given pitch P0 so as to pro 
vide a selective reflection band having a peak wave 
length where )to, the peak wavelength in said band 
being essentially equal to said given wavelength and 
equal to the product of P0 and nay, the average of the 
extraordinary and ordinary indexes of refraction of said 
material at M) and measured at temperatures at which 
said apparatus is operating, and said ?rst and second 
surfaces de?ning weak anchoring sites for said mole 
cules. 

2. The apparatus according to claim 1 wherein said 
surfaces have a gap therebetween de?ning a distance 
between said surfaces which varies in a direction trans 
verse to said path. 

3. The apparatus according to claim 2 wherein 2r is 
the aperture of said device said variation in thickness is 
provided by said surfaces ?rst surface having a radius of 
curvature p and said second surface having a radius of 
curvature p’ about a point along said path such that said 
gap is annular and has a thickness, L as a function of r, 
L(r) which is equal to: 

[11. p 
4. The apparatus according to claim 1 wherein said 

liquid crystal material is a ?rst material and further 
comprising a second liquid crystal material also having 
chirality providing a pitch different from said given 
pitch so as to provide a selective re?ection band having 
a peak wavelength different from A0, said second mate 
rial being disposed between said substrates adjacent said 
?rst material to de?ne a region with a pitch gradient 
presenting a gradient index of refraction to said beam. 

5. The apparatus according to claim 1 wherein said 
surfaces are planar and parallel, and separated by a gap 
of thickness at least equal to a plurality of times the 
pitch of the one of said materizis having the longer 
pitch. _ 

‘ 6. The apparatus according to claim 4 further com 
prising a second device disposed in tandem with said 
?rst device and respectively de?ning a ?rst and a sec 
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12 
ond of said regions having said pitch gradient, which 
regions are displaced laterally from each other. 

7. The apparatus according to claim 6 wherein said 
?rst and second devices each contain said ?rst and sec 
ond materials, said ?rst material and said second mate 
rial in said ?rst device being disposed in converse order 
to said ?rst and second material in said second device. 

8. The apparatus according to claim 7 wherein said 
second material in said ?rst device and in said second 
device are transmissive at said given wavelength and 
are disposed successively in the path of said beam. 

9. The apparatus according to claim 4 wherein said 
region is disposed linearly across the path of said beam. 

10. The apparatus according to claim 8 wherein said 
?rst and second regions extend across the path of said 
beam. 

11. The apparatus according to claim 4 wherein said 
one of said ?rst and second materials is disposed annu 
larly around the other of said ?rst and second materials 
and said gradient index region has an annular con?gura 
tion. 

12. The apparatus according to claim 11 further com 
prising a second device having one of said ?rst materials 
and second materials disposed annularly about the other 
of said ?rst and second material to de?ne a second annu 
lar pitch-gradient index region, said annular region 
having inner peripheries of different dimensions across 
the inner peripheries thereof, said devices being dis 
posed in tandem along the path of said beam. 

13. The apparatus according to claim 12 wherein said 
?rst and second materials are disposed in converse 
order in said ?rst and second devices, respectively. 

14. The apparatus according to claim 4 wherein said 
?rst and second materials each consist essentially of a 
mixture of a ?rst and second material of different chiral~ 
ity. 

15. The apparatus according to claim 14 wherein said 
?rst and second materials are a nematic liquid crystal 
and a chiral additive. 

16. The apparatus according to claim 14 wherein said 
?rst and second materials are liquid crystal polymers. 

17. The apparatus according to claim 16 wherein said 
liquid crystal polymers are polysiloxane, polyacrylate 
or polyglutamate co-polymers. 

18. The apparatus according to claim 1 wherein said 
weak anchoring sites are provided by said surfaces 
being smooth and essentially free of grooves. 

19. The method of fabricating a device for shaping 
the pro?le of a laser beam which comprises the steps of 
preparing mixtures of liquid crystal materials of differ 
ent chirality to provide ?rst and second mixtures each 
having different pitch, containing said mixtures in a gap 
between surfaces of substrates so that a region is formed 
having a gradient pitch. 

20. The method according to claim 19 wherein said 
mixture has an isotropic further comprising annealing 
said device above the isotropic temperature of the mix 
tures to control the width of said region. 

21. The method according to claim 19 further com 
prising the step of preparing surfaces of said substrates 
which form said gap, of suf?cient smoothness to form 
only weak anchoring sites for said materials prior to 
introducing said mixtures. 

22. The method according to claim 20 further com 
prising the step of shearing said materials by reciprocat 
ing said substrates with respect to each other. 

23. The method according to claim 19 further com~ 
prises the step of locating a plurality of said devices in 
tandem with said regions in offset relationship 
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